Aims: To evaluate our proposed multivariate approach to identify patients who will develop sight-threatening diabetic retinopathy (STDR) within a 1-year screen interval, and explore the impact of simple stratification rules on prediction.
| INTRODUCTION
Early detection and treatment of sight-threatening diabetic retinopathy (STDR), a stage of diabetic retinopathy (DR) requiring referral to an ophthalmologist, is important to avoid visual impairment in people with diabetes (PWD). [1] [2] [3] [4] [5] [6] [7] Risk factors for the development and progression of DR have been identified in epidemiological and observational studies. [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] Evidence of the influence of clinical variables in DR progression, such as duration of diabetes, glycated haemoglobin (HbA1c) and type of diabetes, has been widely reported. 3, 8, 9, [19] [20] [21] [22] [23] Given the low annual incidence rate of STDR in the population with diabetes in developed countries (<3%), personalized risk-based screening should offer a cost-effective approach to reduce the economic burden on health systems without compromising efficacy. 8, 9, 24 Identifying STDR early is important, not just to enable prompt and effective treatment and thus maintenance of vision, but also to allow cost-effective screening intervals tailored to patients' needs. The potential benefit of a personalized screening approach (where patients at higher risk are screened more often than those at low risk) depends on the accuracy and validity of the predictive model used and on the associated costs. Data collected from a patient over time (longitudinal data) that capture changes in clinical markers could be used to improve the accuracy of a predictive model. In the present study, the individual trajectories of the clinical profiles in PWD were used to develop and validate a predictive model for STDR.
We jointly modelled demographic and clinical data to characterize the baseline level of retinopathy and changes in level of retinopathy over time. We applied a risk-based longitudinal multivariate approach that enables the identification of patients who will develop STDR within 1 year from the time of prediction. In the United Kingdom and elsewhere, there is a current debate as to whether a simple rule based on the patient's level of retinopathy alone or alternative multivariate clinical models should be used to determine risk-based screening intervals for STDR. [21] [22] [23] [24] [25] [26] [27] Risk stratification for development of STDR based on just the results of two screening episodes has been proposed by Stratton et al. 25 They observed that the annual rate of progression to STDR was 0.7% for patients with no DR at two consecutive annual digital photographic screenings, 1.9% for patients with no DR in either eye at first screening but mild non-proliferative DR (NPDR)/background DR (BDR) in just one eye at second screening, and 11% for patients with mild NPDR/BDR in both eyes at both screenings. In the present study we compare the overall accuracy of our multivariate model with two simple risk stratification rules, including the rule by Stratton et al., which has been agreed by the UK National Screening Committee to be introduced in England within the next few years. 26 2 | MATERIAL AND METHODS Patients with STDR at the start of the prediction period were excluded from the analysis. For the purposes of the present analysis, the values of the time-dependent clinical variables closest to the time of the screen episodes (ie, annual screening episodes) were used. A complete case analysis, similar to that used by Scanlon et al., 9 was followed, and screening visits for which model covariates were not available were excluded from the final model.
| Study participants and design

| Model development and statistical analysis
We have recently developed a multivariate discriminant approach, which can be used to predict the future status of a patient using their clinical history. 29, 30 In the present study, we applied this statistical approach to estimate the risk that a patient would develop STDR in either/both eyes within a 1-year period, and this was achieved by using the demographic and longitudinal primary care data to jointly model the changes in level of retinopathy over time for both eyes ( Figure S1 ). Our approach is based on the following rationale: two longitudinal models are generated using part of the dataset (training dataset), one for each of two possible prognostic groups (patients who develop STDR and patients who do not develop STDR within 1 year).
These two models focus on modelling the progression from no DR to mild NPDR/BDR, making use of the biochemical and demographic records of the patients. Penalized expected deviance alongside a forward selection approach, in combination with clinical judgment, was applied to identify the relevant demographic and clinical risk factors that influence changes in retinopathy level over time. Models were compared using penalized expected deviance, which penalizes for model complexity and is suitable for complex hierarchical models. 31 As a result of the stochastic nature of the Markov chain Monte Carlo model, it is possible that different random starting values (seeds) generate slightly different models. Hence, in order to check the stability of the model, the process was generated for multiple seeds. Two training datasets, involving data from 70% of patients in each of the two prognostic groups, were used to build the model and data from the remaining 30% were used to test the predictive accuracy of the model. Training and test sets were randomly generated 100 times and the results were averaged. The statistical analyses were performed in R version 3.0.2 using the package mixAK.
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To allow for the fact that patients have been observed for different lengths of follow-up period, time since first screening was included as a covariate in the longitudinal models. All patients had been followed up for a minimum of 2 years. To develop the models, 
| Simple stratification rules
Annual screening for DR has been adopted by several national screening programmes. 27, 28, 33 Risk-based stratified screening intervals are likely to be introduced in a number of countries within the next few years in order to cope with the imminent significant rise in the number of PWD. We explored with our data the overall accuracy of prediction using simple stratification rules based on retinopathy level alone to identify low-and high-risk patients (the latter group consisting of patients who are likely to develop STDR within 1 year). Ideally, lowrisk patients could be offered 2-year screening intervals or longer intervals. We defined sensitivity as the percentage of patients, out of the patients who developed STDR within 1 year, who are correctly predicted by the rule (and therefore allocated to annual screening intervals). Specificity was defined as the percentage of patients of those who did not develop STDR within 1 year, who were correctly predicted by the rule as not developing STDR within 1 year (and therefore were allocated to biennial screening intervals). We also calculated the reduction in the number of screening episodes achieved by simple stratification rules when compared with the currently recommended annual screening.
Subgroup analyses were conducted to further explore the effect of diabetes type on the classification performance.
| RESULTS
The 7-year data from 13 103 PWD were included in our model. The Table 1 . Screening visits for which model covariates were not available were excluded from the final model (12%).
Compared with the non-STDR group, we found that patients who developed STDR during the follow-up period were more likely to be men, to be younger, to have type 1 diabetes, a longer disease duration and a higher HbA1c level, and were more likely to have missed screening appointments.
As expected, the majority of patients who developed STDR (74%) within 1-year screen interval exhibited mild NPDR/BDR in both eyes at their previous screen visit (prediction visit); only a small percentage of patients (12%) who developed STDR showed no DR in either eye at their previous screen visit. This trend was reversed for patients who did not develop STDR (79% showed no DR in both eyes and only 8% showed mild NPDR/BDR in both eyes at the time of prediction).
As expected, the risk factors for the progression from no DR to mild NPDR/BDR showed similar odds ratios (ORs) for the right and left eyes, with similar interpretation (data from both eyes were jointly modelled; the full model specification is given in Table S1 ). For simplicity, we report one OR for each risk factor. Ethnicity and estimated glomerular filtration rate (eGFR) were not included in the model because of the high rates of missing values observed (18% and 36%, respectively) and the lack of ethnic representation (predominantly white). Table S1 ) and a remaining group with a lower initial risk of progression (although in both cases patients' initial risk of progression was much higher than in the "no STDR" group). In the group of patients who did not develop STDR, just over a third of the patients belonged to a group with a very low initial risk of progression from no DR to mild NPDR/BDR (weight = 36.2%), with the remaining patients having a higher initial risk. The model takes into account the correlation between the right and left eye outcomes through the covariance matrices.
| Accuracy of the multivariate discriminant tool
The level of accuracy of the multivariate approach shown by Figure 1 indicates that 85. and specificity of 84.3%.
| Comparison with simple stratification rules
When we assessed the overall predictive accuracy of the simple stratification rules to identify low-and high-risk patients, we observed that if we applied the simple rule that patients with no retinopathy in either eye (Table S2) . While the sensitivity dropped by~8% with the second rule compared with the first rule, the specificity increased by 24%, and Statistical comparisons in sensitivity and specificity between the multivariate approach and the two simple stratification rules demonstrated that, while the level of sensitivity obtained using the first rule was significantly higher when compared to the multivariate approach Boxplots for the predicted probability of developing sight-threatening diabetic retinopathy (STDR) within 1 year for patients with no diabetic retinopathy (DR) at the time of prediction (left), mild non-proliferative DR (NPDR)/background DR (BDR) in one eye (middle), and mild NPDR/BDR in both eyes (right) FIGURE 3 Prediction accuracy of the two-episode stratification rule versus our personalized risk model
| DISCUSSION
We are heading towards personalized medicine, whereby patient management can be tailored based on individual risk of disease or response to treatment. In particular, the predicted risk of developing STDR can be used to recommend personalized screening intervals.
Annual screening is currently adopted in many national screening programmes at a considerable cost to health services. 9 Longer screening intervals for those at low risk of developing STDR have already been introduced, for example, in Iceland, using a model that accounts for the level of retinopathy as well as other clinical information, including type and duration of diabetes, HbA1c level and blood pressure. [34] [35] [36] Additional models have recently been proposed in the literature to tailor screening intervals for DR. 8, 37 Longer screening intervals for patients with a low risk of developing STDR are expected to be implemented in England and Wales within the next few years to cope with the increased economic burden triggered by the steady increase in disease prevalence and the lack of extra funding for screening. Riskbased approaches are timely in that they could be used to identify patients at high risk so that they can be closely monitored and treated earlier, while the majority of patients at low risk can be screened less often, allowing the optimization of limited health resources.
In the present paper, we report the results of a recently developed multivariate longitudinal approach 29, 30 to predict the risk that a given patient with diabetes will develop STDR within 1 year. The model shows high levels of classification accuracy (sensitivity and specificity were 85.4% and 84.0%, respectively). The AUC was 0.90, which is higher than the AUCs previously reported in Scanlon et al. 9 and Aspelund et al. 35 of 0.79 and 0.76, respectively. A similar AUC (0.90) was reported in Eleuteri et al. 8 and although the specificity reported by these authors was 90%, the level of sensitivity was much lower than the sensitivity achieved with our multivariate model (67% vs. 85.4%).
There are a number of advantages to our approach. From a methodological point of view, the approach is robust against misspecification of the distribution of the random effects term, which is a term that takes into account the correlation between measurements at different time points in the model. 29 The approach has the potential to develop dynamic models with which the risk can be recalculated every time new data from the patient become available. 29, 30 All 92 practices approached within the Liverpool area agreed to participate, which demonstrates the screening coverage data.
Limitations of this study include the possible misclassification in level of retinopathy during grading, the fact that the costs of misclassification were not considered (which differ between STDR and non-STDR misclassification) and the fact that only internal validation was conducted. We acknowledge that a comprehensive assessment of the model's predictive performance would require external validation using data from a different cohort; for example, the predictive accuracy of our model needs to be validated for different ethnic groups.
Our dataset, which included predominantly white patients, did not include representative samples from different ethnic groups. The differences in performance between our approach and the stratification rules must be explored using different cohorts to confirm the reproducibility of our findings.
Several multivariate regression models have been proposed over the years to predict DR risk. 9, 15, 16, 35, 36, 38 The concept behind our approach is different from previously
proposed multivariate regression models. The profiles of level of retinopathy over time and prior to STDR development are first modelled using demographic and primary care data, and the risk that a new patient at a specific time point will develop STDR is estimated based on these profiles (which are in turn driven by demographic and timedependent primary care data). Markov chain models are based on a similar idea, where the risk for moving from one state to another state is modelled, and where state is defined by level of retinopathy. 8, 37, 39 Rather than proposing an alternative predictive model to predict (95% vs. 85%), it also identified fewer patients who did not develop STDR (56% vs. 84%). Given the low annual incidence rate of STDR (~2.5%), the low specificity of the two-episode stratification rule would lead to a very low positive predictive value (5%). In other words, the majority of patients classified as developing STDR within 1 year would not develop STDR (false-positives, yellow areas in Figure 3 ). 
